Bacterial growth and division require regulated synthesis of the macromolecules used to expand 18 and replicate components of the cell. Transcription of housekeeping genes required for metabolic 19 homeostasis and cell proliferation is guided by the sigma factor σ 70 . The conserved CarD-like 20 transcriptional regulator, CdnL, associates with promoter regions where σ 70 localizes and 21 stabilizes the open promoter complex. However, the contributions of CdnL to metabolic 22 subunit, stabilizes the open promoter complex, and is required for transcription from rRNA 48 promoters 2,3,5 . Mycobacterium tuberculosis CarD (the CdnL homolog) is essential for growth in 49 culture, persistence in mice, and survival during genotoxic stress and starvation 2,4 . CdnL is also 50 essential in M. xanthus, where its depletion causes cell filamentation 6 . This last observation 51 implies that CdnL-dependent changes in gene expression are required to support proper 52 morphogenesis, at least in M. xanthus. 53 Bacterial morphology is maintained by the peptidoglycan (PG) cell wall, which must be 54 expanded and remodeled in a regulated manner to allow for growth and division. It lies just 55 outside the inner membrane and is a continuous, covalently-linked structure made of glycan 56 strands crosslinked together by peptide side chains 7 . In addition to giving the cell its stereotyped 57 shape, the cell wall provides physical integrity and prevents cell lysis due to turgor pressure. 58 Different shape features (e.g. cell length, width, or curvature) are specified by spatially and 59 temporally regulated synthesis and remodeling of the PG that is largely orchestrated by 60 cytoskeletal proteins 7,8 . Though the details of PG synthesis and remodeling and their regulation 61 by cytoskeletal proteins has been the subject of intense study for several decades, how PG 62 metabolism is regulated in coordination with nutrient availability and the metabolic status of the 63 cell is incompletely understood. 64
homeostasis and bacterial physiology are not well understood. Here, we show that Caulobacter 23 crescentus cells lacking CdnL have severe morphological and growth defects. Specifically, 24 ∆cdnL cells grow slowly in both rich and defined media, and are wider, more curved, and have 25 shorter stalks than WT cells. These defects arise from transcriptional downregulation of most 26 major classes of biosynthetic genes. Notably, we find that ∆cdnL cells are severely limited in 27 glutamate synthesis, rendering them auxotrophic for that amino acid. Moreover, ∆cdnL cells 28 produce low amounts of the cell wall precursor lipid II, and ∆cdnL is synthetic lethal with other 29 genetic perturbations that limit lipid II production. ∆cdnL cells also have aberrant localization of 30 MreB and CtpS, cytoskeletal proteins required for maintaining proper cell width and curvature. 31
Interestingly, the localization of CtpS is dependent on availability of CTP, which is predicted to 32 be low in ∆cdnL cells. Our findings implicate CdnL as a global regulator of genes required for 33 metabolic homeostasis that impacts morphogenesis through availability of lipid II and through 34 metabolite-mediated changes in localization of cytoskeletal regulators of cell shape.
Main (400 words) 36
In order to replicate, bacterial cells must synthesize enough macromolecules to double in 37 size using nutrients available in their environment. These macromolecules are used to build 38 structural components of the cell such as the membrane and cell wall, to synthesize the multitude 39 of enzymes required for essential biochemical processes, and to duplicate genetic material. 40
Transcriptional control of housekeeping genes encoding factors that carry out these essential 41 functions contributes to maintaining metabolic homeostasis to support growth and development. 42
Transcription initiation of housekeeping genes is achieved by housekeeping sigma factors that 43 direct the core RNA polymerase (RNAP) to their promoter regions 1 , but may be co-regulated by 44 other factors, including the CarD-like transcriptional regulator CdnL. CdnL is broadly conserved 45 in bacteria and is best-characterized in Myxococcus xanthus and in Mycobacteria 2-6 . It localizes 46 to promoter regions where the housekeeping sigma factor resides, directly binds to the RNAP β 47
Results 74 ∆cdnL cells have growth and morphology defects 75
We became interested in Caulobacter CdnL through a screen for spontaneous suppressors of a 76 dominant lethal mutant of the cell division protein FtsZ (called FtsZ∆CTL) that causes lethal 77 defects in PG metabolism 11 . Specifically, one of the FtsZ∆CTL suppressors we identified carried 78 a point mutation in cdnL (CCNA_00690) encoding an I42N missense mutation that disrupted 79
CdnL protein stability (Supplementary figure 1a) . To examine the role of CdnL in Caulobacter 80 growth and morphogenesis, we deleted it in a clean genetic background and compared growth 81 and morphology to wild type (WT) cells. We found that ∆cdnL cells grew more slowly than WT 82 ( Figure 1a ) and had pleiotropic morphological defects in complex PYE medium (Figure 1b, c) . 83 Quantitative analysis of shape differences between WT and ∆cdnL cells grown in PYE using 84 CellTool 12 revealed significant differences in two shape modes which approximately correspond 85 to cell curvature (shape mode 2) and cell width (shape mode 3) ( Figure 1c ). Specifically, we 86 observed that in PYE, ∆cdnL cells were wider and more curved than WT cells (Figure 1b, c, d) . 87
In these shape modes, ∆cdnL cells were also more variable in their range of values than WT, 88 indicating less precise maintenance of shape in the mutant (Figure 1c ). Additionally, we 89 observed phase-light "ghost" cells in ∆cdnL samples indicative of cell lysis and suggesting a lack 90 of integrity in the cell envelope (Figure 1b, arrows) . 91
To further characterize the ∆cdnL growth and morphology phenotypes, we grew WT and 92 ∆cdnL cells in the defined media M2G or HIGG. Surprisingly, we found that M2G was unable to 93 support growth of cells lacking CdnL, but that ∆cdnL cells grew in HIGG, albeit more slowly 94 than WT (Figure 1a ). A comparison of the components of M2G and HIGG media suggested that 95 the missing nutrient in M2G that is required for growth of ∆cdnL cells might be glutamate. 96
Consistent with this, addition of sodium glutamate to M2G (called M2GG with sodium 97 glutamate added) supported growth of ∆cdnL cells at a rate similar to that in HIGG. These data 98 indicate that ∆cdnL cells are unable to synthesize sufficient glutamate to support growth and are 99 now glutamate auxotrophs (Figure 1a ). No other amino acids are included in either M2G or 100 HIGG, suggesting a specific requirement for exogenous glutamate. 101
Similar to our observations with PYE, we found that ∆cdnL cells grew more slowly than 102 WT in M2GG or HIGG and also had aberrant shape (Figure 1a, b) . ∆cdnL cells were again 103 hypercurved and wider than WT cells, but unlike in PYE, ∆cdnL cells were also consistently 104 shorter than WT in each defined medium (Figure 1b , c, d). The polar stalk is a prominent 105 morphological feature of Caulobacter cells and, like other features of cell shape, stalk biogenesis 106 and elongation require PG synthesis 13 . Since we observed stereotyped shape changes in cells 107 lacking CdnL, we also compared stalk morphogenesis between WT and ∆cdnL cells. We found 108 that in phosphate replete HIGG media (containing 200 µM PO 4 -), ∆cdnL cells had short stalks 109 compared to WT cells (Figure 1e , f), suggesting that CdnL impacts all aspects of morphogenesis 110 in Caulobacter. Stalks elongate in response to phosphate starvation in Caulobacter through a 111 pathway that is distinct from developmentally regulated stalk morphogenesis. Interestingly, 112
∆cdnL cells significantly elongated their stalks during phosphate starvation (Figure 1 e, f) 113 suggesting that ∆cdnL cells can still alter their morphology in response to phosphate starvation. 114 115 Genes involved in biosynthetic processes are downregulated in ∆cdnL 116
Having established that the transcriptional regulator CdnL plays a role in growth and 117 morphogenesis, we next sought to understand how it exerts these effects. To identify genes that 118 are misregulated in ∆cdnL that may be responsible for the growth and morphology defects that 119 we observe, we extracted mRNA from WT and ∆cdnL cells and performed RNA-seq. The results 120 from this analysis showed that approximately 30% of the transcriptome is misregulated in cells 121 lacking CdnL (Supplementary table 1 ). A closer look at genes that are downregulated in the 122 ∆cdnL clone that we used for RNA-seq analysis suggested that a 50 kbp region comprising 51 123 genes between CCNA_02773 and CCNA_02826 was highly downregulated in ∆cdnL. This 124 region is flanked by identical sequences that encode transposases CCNA_02772 and 125
CCNA_02828, suggesting that this region may be deleted in the ∆cdnL clone (EG1415) used in 126 our RNA-seq analysis. Indeed, deletion of this region was confirmed by PCR. However, we 127 found no differences in growth or morphology between the ∆cdnL clone with the 50 kbp deletion 128 (EG1415, ∆50kbp) and ∆cdnL clones containing this region (e.g. EG1447), indicating that this 129 region does not contribute significantly to the growth and shape defects that we observe 130 (Supplementary figure 1b, c). Previously, this region of the chromosome was shown to be readily 131 lost in a background lacking the methyltransferase ccrM 14 . Similar to our observations with 132 ∆cdnL, loss of this region in ∆ccrM did not yield any specific growth advantages. To ensure that 133 loss of this region did not impact our analysis of the transcriptional consequences specific to loss 134 of CdnL, we analyzed the transcriptome of an independent ∆cdnL clone that has the 50 kbp 135 region intact (JC784) by microarray analysis (Supplementary table 1 ). We found significant 136 overlap between our RNA-seq dataset using EG1415 and microarray dataset using JC784 137 ( Supplementary figure 1d , e, f, g). We generally used the intersection of our two datasets (RNA-138 seq of EG1415 and microarray of JC874) as a conservative and rigorous representation of the 139 consequences of deleting cdnL on the Caulobacter transcriptome. 140
To obtain an overview of how loss of CdnL affects the transcriptome we used DAVID 15 141 functional annotation analysis to functionally categorize genes that had at least a two-fold change 142 in transcript abundance in ∆cdnL in both the RNA-seq and microarray datasets. Of the genes that 143 are downregulated in ∆cdnL, we found an overrepresentation of genes involved in biosynthetic 144 and bioenergetic pathways including amino acid, nucleotide, fatty acid, lipid, cell wall, cell 145 membrane, and central carbon metabolism (Supplementary table 2 ). Genes that are over 2-fold 146 upregulated in ∆cdnL clustered into categories involved in transcription, transport, and motility. 147 148 ∆cdnL cells have low levels of the cell wall precursor and changes in cell wall crosslinking 149
Since our transcriptome analysis revealed downregulation of pathways involved in 150 macromolecular biosynthesis, we hypothesized that the severe defects in growth and morphology 151 may arise from limited amounts of substrates available for proliferative processes. Consistent 152 with our observations that ∆cdnL cells are unable to grow without exogenous glutamate, we 153 found that gdhA and gltB, genes essential for glutamate biosynthesis from α-ketoglutarate or 154 glutamine, are over 4-fold downregulated in both datasets (Figure 2a ). Additionally, our findings 155 from the transcriptomic analysis indicated that genes required for PG precursor (lipid II) 156 biosynthesis are highly downregulated (Figure 2a ) leading us to postulate that PG material may 157 be limiting in ∆cdnL cells. Since PG synthesis underlies both cell shape and cell envelope 158 integrity, changes in abundance of lipid II might underlie the shape and cell lysis phenotypes 159 observed for ∆cdnL cells. We directly compared lipid II levels in WT and ∆cdnL cells and found 160 that ∆cdnL cells have a striking 45% reduction in lipid II levels as compared to WT (Figure 2b ). 161
To assess if CdnL-mediated changes in transcription result in alterations to PG metabolic 162 activities in addition to lipid II synthesis, we performed muropeptide analysis on PG isolated 163 from WT and ∆cdnL cells to identify changes in PG chemistry. Consistent with low levels of 164 lipid II, ∆cdnL cells have 23% less PG polymer than WT (Figure 2c ). Although overall PG 165 crosslinking is unaffected, ∆cdnL cells had significantly more dimers and fewer trimers (higher 166 order crosslinks) than WT (Figure 2d , Supplementary Figure 2b ). The mutant also shows an 167 increased chain length, as the relative amount of anhydro muropeptides (glycan chain termini) 168 were significantly reduced in ∆cdnL cells (Figure 2e , Supplementary Figure 2b ). Moreover, 169 ∆cdnL cells had more pentapeptides and glycine-containing muropepetides compared to WT 170 (Figure 2e , Supplementary Figure 2b ). Thus, the shape and envelope integrity defects observed 171 in ∆cdnL cells may arise, at least in part, from a combination of low levels of lipid II and 172 significant changes in the chemical structure of the cell wall. 173 174 Pathways impacting PG metabolism become essential in ∆cdnL 175
To gain insight into which transcriptional changes in ∆cdnL may be most relevant to fitness, we 176 performed comparative transposon sequencing (Tn-Seq) on WT and ∆cdnL strains. Consistent 177 with morphological defects and low amounts of lipid II observed for ∆cdnL cells, we found 178 several normally non-essential genes involved in pathways that interact with PG synthesis that 179 could not be disrupted in the ∆cdnL background (Figure 3a , Supplementary table 3) . 180
Specifically, we identified genes involved in glutamate metabolism, PG metabolism, PG 181 recycling, and capsule synthesis that could not be disrupted in the ∆cdnL background ( Figure  182 3a,b, Supplementary table 3) . Of the genes involved in glutamate metabolism, gdhZ and murI 183 become essential in ∆cdnL. Each of these proteins link glutamate metabolism to morphogenesis: 184
MurI by making D-Glu for lipid II synthesis and GdhZ via its effects on the morphogenetic 185 protein FtsZ 16,17 . 186
Our Tn-Seq analysis also indicated that ampG and ampD (CCNA_02650), genes required 187 for PG recycling, become essential in ∆cdnL (Figure 3b , Supplementary table 3) . AmpG is a permease that allows transport of cell wall material from the periplasm to the cytoplasm, and 189
AmpD degrades transported cell wall material to provide building blocks for lipid II synthesis 18 . 190 We attempted to delete cdnL in a ∆ampG backgroundf but were unable to obtain clones with 191 deletions in both ampG and cdnL, supporting the genetic interaction suggested from the Tn-Seq. 192
Since lipid II levels are low in ∆cdnL, the cell apparently relies on pathways that allow for 193 recycling of the existing cell wall material for survival . 194 In addition to PG metabolic genes, we found putative synthetic lethal interactions 195 between capsule (exopolysaccharide) biosynthetic genes and cdnL (Figure 3a assembled into a polysaccharide that is exported to the outer surface of the cell 19 . Thus, PG 199 synthesis and capsule biosynthesis both use Und-P as a lipid carrier for synthesis and export into 200 the periplasmic space. Previous work in Escherichia coli and Bacillus subtilis has shown that 201 disruption of pathways that use Und-P can lead to Und-P sequestration and cause severe growth 202 and morphological defects by inhibiting lipid II synthesis [20] [21] [22] . Similarly, we propose that 203 disrupting the capsule biosynthesis pathway in Caulobacter may sequester Und-P in dead-end 204 intermediates, limiting lipid II synthesis. We attempted to delete each of the capsule genes 205 predicted by Tn-Seq to genetically interact with cdnL in ∆cdnL cells. We were unsuccessful with 206 the exception of CCNA_00164, which encodes a putative O-antigen polymerase ligase and which 207 had the weakest predicted genetic interaction with cdnL of the capsule genes ( Figure 3a with morphological defects that are more severe than ∆cdnL alone ( Figure 3d ). Moreover, these 210 double mutant cells grew more slowly than ∆cdnL (Figure 3c ). Deletion of CCNA_00164 by itself had no obvious effect on growth or morphology. Our data support the model that mutations 212 in the capsule biosynthesis pathway sequester Und-P and limit its availability for lipid II 213 synthesis, exacerbating the existing lipid II deficiency of ∆cdnL cells to a lethal level. 214
Collectively, our transcriptomics, biochemical analyses, and genetic interaction results indicate 215 that CdnL is required to maintain adequate availability of the PG precursor lipid II to support 216 normal growth and morphology. 217
218
MreB is hyperfocused at midcell in ∆cdnL cells 219
Limitation of lipid II levels has previously been shown to cause an increase in cell width in 220
Caulobacter 23,24 . However, the morphological defects that we observe in ∆cdnL cells are distinct 221 from shape changes that occur when lipid II levels are low, suggesting additional players in the 222 shape defects of ∆cdnL cells. To investigate this possibility, we explored other proteins 223 implicated in shape regulation in Caulobacter, with a focus on the polymerizing proteins MreB, 224
FtsZ, crescentin, and CTP synthase. Since CdnL is a transcriptional regulator, we first probed for 225 changes in levels of these factors and found no differences in protein or transcript levels between 226 ∆cdnL and WT cells ( Supplementary table 2 
and data not shown). 227
Since ∆cdnL cells had significant differences in width and curvature, we focused on the 228 cytoskeletal proteins that determine these shape features. In bacteria, the actin homolog and 229 ATPase MreB is required for rod shape, width maintenance, and cell body elongation 25, 26 . swarmer (G1) cells, shifts to midcell in stalked (S) and early predivisional cells, and assumes a 236 patchy localization in late predivisional cells 25 . Interestingly, we found that the localization of 237
MreB at midcell is more tightly focused in ∆cdnL cells compared to WT in all three media tested 238 (Figure 4a ,b,c). Moreover, we found that most WT cells localize MreB along the length of the 239 cell when grown in HIGG media ( Figure 4c ). However, the localization of MreB in HIGG shifts 240 to mostly at midcell when cdnL is deleted. To better visualize the localization of MreB across 241 populations and throughout the cell cycle, we created demographs. In cells that have MreB 242 localized at midcell, we found that the localization of MreB is more tightly focused with minimal 243 signal outside of the midcell region ( Figure 4d ,e,f). To quantitatively compare the differences in 244
MreB localization between WT and ∆cdnL, we fit the MreB signal at midcell to an eight term 245
Fourier series model and calculated the full width at half max (FWHM). We found that the 246 FWHM at midcell is smaller in ∆cdnL cells compared to WT, consistent with what we inferred 247 from the images and demographs (Figure 4g severity of growth and shape defects was worse in mutant backgrounds that do not localize MreB 255 to midcell (Supplementary figure 3) . Interestingly, we found that MreB V324A, which has a 256 patchy localization in a WT background, becomes enriched at midcell when cdnL is deleted and grows similarly to mutants that localize MreB to midcell (Supplementary figure 3b,c,d,e). These 258 data suggest that localization of MreB at midcell is important for fitness in ∆cdnL cells. Since 259
MreB is essential for specification and maintenance of width and curvature, the mislocalization 260 of MreB may contribute to the width and curvature defects that we observe in ∆cdnL cells. 261
Since we found that ∆cdnL cells have low lipid II levels compared to WT and lipid II has 262 been linked to localization of MreB in B. subtilis 28 , we wanted to determine if inhibiting lipid II 263 synthesis in Caulobacter cells was sufficient to cause mislocalization of MreB similar to ∆cdnL. 264
To test this, we inhibited MurA with a low dose of fosfomycin and visualized the localization of 265
Venus-MreB over time. We observed an increase in FWHM of midcell-localized MreB and cell 266 width after 5.5 hours of fosfomycin treatment ( Supplementary Figure 4a In Caulobacter, crescentin drives the patterning of PG synthesis required for cell curvature 8, 29 . 272
To determine if hypercurvature of ∆cdnL cells is dependent on crescentin, we deleted cdnL in a 273 ∆creS background. We observed that ∆cdnL∆creS cells are straight, indicating that 274 hypercurvature is dependent on crescentin (Figure 5a,b ). In addition to crescentin, curvature is 275 influenced by the metabolic enzyme CTP synthase (CtpS), which forms filaments near crescentin 276 when CTP is abundant 30,31 . CtpS filaments negatively regulate curvature in a crescentin-277 dependent manner 31 . Since we observed that pyrimidine biosynthetic genes are downregulated 278 from our RNA-Seq analysis (Figure 5c ), we hypothesized that the hypercurvature of ∆cdnL may 279 arise due to fewer CtpS filaments caused by low levels of CTP in ∆cdnL. To gain support for this 280 hypothesis, we expressed mcherry-ctpS from the xylose promoter in WT or ∆cdnL cells and 281 visualized its localization (Supplementary figure 5). Demograph analysis of mCherry-CtpS 282 localization indicated that mCherry-CtpS forms less robust filaments and has more dispersed 283 signal in ∆cdnL cells grown in PYE or M2GG compared to WT (Figure 5d, Supplementary  284 figure 5). Our data support the hypothesis that low levels of CTP in ∆cdnL cells lead to 285 formation of fewer CtpS filaments than in WT, which consequently yields the hypercurvature we 286 observe. 287 288 289
Discussion 290
In this work, we unveil a new role for the conserved global transcriptional regulator 291
CdnL in mediating transcription of biosynthetic genes required for metabolic homeostasis in 292
Caulobacter. We show that in ∆cdnL cells, transcription of many classes of biosynthetic genes is 293 downregulated, with physiologically critical defects in glutamate and lipid II metabolism in Methods 345
Bacterial strains, plasmids, growth conditions 346
Caulobacter crescentus NA1000 strains were grown in peptone yeast extract medium (PYE), 347 M2G 38 , M2GG (M2G with 0.15% sodium glutamate), or Hutner base imidazole-buffered glucose 348 glutamate medium (HIGG) 39 Sample was reloaded onto HisTrap FF 1mL and flow through collected to separate His 6 -SUMO 383 and His 6 -Ulp1 from CdnL. CdnL fraction was dialyzed into PBS prior to antibody production. 384
Cells in log phase were isolated and lysed in SDS-PAGE loading buffer by boiling for 5 min. 385
Standard procedures were used for SDS-PAGE and transfer to nitrocellulose membrane. CdnL 386 antisera was generated by immunizing a rabbit with CdnL purified as above (Pocono Rabbit 387
Farm & Laboratory). Specificity was determined using cell lysates with deleted or overexpressed 388 cdnL. CdnL antisera was used at 1:5000. 389
RNA-Seq preparation 390
Cultures of three independent colonies of WT (EG865) and ∆cdnL (EG1415, ∆50kbp) cells were 391 grown in PYE and harvested at OD 600 of 0.45 and total RNA was extracted using PureLink RNA 392
Mini Kit from Thermo Fisher using the protocol provided with the kit. Briefly, cells were 393 harvested, lysed, and homogenized using lysozyme, SDS, provided Lysis buffer, and 394 homogenizer. Nucleic acids were extracted with ethanol and loaded onto the provided spin 395 cartridge. DNA-free total RNA was extracted using the on-column PureLink DNAse Treatment 396 protocol. PureLink DNAse mixture was directly added on to the spin cartridge membrane, 397 incubated for 15 min and washed using provided wash buffers and RNA was eluted with 398
RNAse-free water. Finally, RNA quality was quantified using a bioanalyzer and rRNA was 399 
Lipid II extraction and analysis 456
Precursor extraction was performed as described previously and performed in triplicates 28 . 457
Briefly, 500 mL of WT and ∆cdnL were grown in PYE to OD 600 of 0.45. Cells were harvested, 458 resuspended in 5 mL PBS and poured into 50 mL flasks containing 20 mL CHCl 3 :Methanol 459 (1:2). The mixture was stirred for 1 h at room temperature and centrifuged for 10 min at 4000 x g 460 at 4 ºC. The supernatant was transferred to clean 250 mL flasks containing 12 mL CHCl 3 and 9 461 mL PBS, stirred for 1 h at room temperature and centrifuged for 10 min at 4000 
